A high rate of phenotypic variation in the lipooligosaccharide (LOS) electrophoretic profile of Haemophilus somnus occurred in most isolates obtained at approximately weekly intervals from three calves intrabronchially challenged with a cloned isolate ofH. somnus 2336. Daily subculturing for 2 weeks resulted in at least one major alteration in the LOS electrophoretic profiles for strain 2336 and both additional disease isolates examined, but no change occurred in the LOS electrophoretic profiles for any of three commensal isolates examined. None of the LOSs from any of the postchallenge intrabronchial isolates reacted with rabbit antiserum to the challenge strain LOS in immunoblotting, but LOSs from two nasopharyngeal isolates did. Antigenic variation in the extracted LOSs of most of the isolates was supported by the results of an enzyme-linked immunosorbent assay. Preimmune serum from each of the calves did not react with any of the isolates or the challenge strain, whereas sera obtained 35 days after challenge reacted with the challenge strain and zero to five additional isolates and sera obtained 74 days after challenge reacted with two to six additional isolates. Recognition of LOSs from isolates obtained near the end of the 70-day experiment by day-74 sera was related to clearance of the bacteria from the lungs. Isolates demonstrating major electrophoretic changes showed variations in the composition of the oligosaccharide, but not lipid A, moiety of their LOSs. The oligosaccharide of the LOS of each isolate was composed predominantly of glucose but varied substantially in the contents of galactose, arabinose, xylose, mannose, and 3-deoxy-D-manno-octulosonic acid. Therefore, the LOS of H. somnus is capable of undergoing compositional and antigenic variations, which may act as an important virulence mechanism for evading host immune defense mechanisms.
Haemophilus somnus is a normal inhabitant of mucosal surfaces of cattle and may cause a complex of diseases, including thromboembolic meningoencephalitis (TEME), pneumonia, arthritis, and reproductive failure (7) . More recently, H. somnus has been incriminated as a major cause of bovine myocarditis (28) . Capsules, pili, and potent exotoxins have not been identified in H. somnus, although weak hemolysis of blood agar occurs after 48 h of incubation of some strains (5, 7) . Potential virulence factors that are known for this bacterium include the presence of immunoglobulin-binding proteins on the cell surface and the capability to survive or resist phagocytosis (7, 36) . The lipooligosaccharide (LOS) possesses typical endotoxic activity and may contribute to the vasculitis and other lesions associated with H. somnus infection (7, 12, 18) .
Intrastrain instability or phase variation in the antigenic or electrophoretic profiles of LOSs from related gram-negative, mucosal pathogens has been reported (e.g., Haemophilus influenzae type b [10, 21, 31] , Neisseria gonorrhoeae [2, 4, 8, 23, 25, 27] , Neisseria meningitidis [33] , and Bordetella pertussis [24] ). In many cases, the variation is not found in all isolates (31) , may not occur frequently (21) , and may only be detected by monoclonal antibodies specific for particular epitopes (2, 27) . Recently, the occurrence of LOS phase variation during human infection with N. gonorrhoeae has * Corresponding author.
been established (25) , indicating that LOS phase variation may be an important virulence mechanism for this bacterium. However, a cloned isolate was not used for thischallenge. We now report that the electrophoretic profiles of LOSs obtained from pathogenic isolates of H. somnus and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) underwent substantial variation at a rapid rate following in vitro passage. Furthermore, extensive antigenic variation occurred in the LOSs of H. somnus isolates from calves infected experimentally with a clonally derived pathogenic strain.
MATERIALS AND METHODS
Bacteria and culture conditions. The bacterial isolates used in this study have been previously described (6, 13) and are listed in Table 1 . All isolates were subcultured once after primary isolation and stored in phosphate-buffered saline (PBS)-glycerol (40:60) at -70°C. After one additional subsequent passage, the isolates were stored at -70°C in skim milk. A hot loop was used to thaw an aliquot of PBSglycerol or milk for culturing on Columbia blood agar; isolates were not transferred in vitro unless otherwise indicated. All H. somnus isolates were grown in brain heart infusion broth supplemented with 0.1% Trizma base and 0.001% thiamine monophosphate (Sigma Chemical Co., St. Louis, Mo.) with shaking at 37°C (17) . For analysis, the bacteria were grown to 10 CFU/ml (determined spectropho- Experimental challenge. Calves were inoculated in the right caudal lung lobe with 2 ml of 107 CFU of cloned H. somnus 2336. The bacteria had been suspended in 50% RPMI 1640 medium as described previously (11) (12) (13) . Calves were acutely ill for 2 to 3 days, with fever, depression, inappetence, and coughing. Sporadic coughing continued until necropsy at week 10. Bronchoalveolar lavage of the inoculated site was done by fiberoptic bronchoscopy before and at weekly intervals after challenge for 10 weeks as described previously (11, 12) . Lavage fluid was centrifuged at 10,000 x g for 20 min, the pellet was resuspended in 2 ml of the supematant, 25 ,ul of sample was serially diluted, and each dilution was inoculated on Columbia blood agar plates (11, 13) . Nasopharyngeal swab samples obtained immediately before bronchial lavage were also inoculated on Columbia blood agar plates.
LOS extraction and electrophoretic analysis. Bulk LOS was prepared by enzyme digestion and phenol-water extraction by a minor modification of a previously described procedure (18) . Following differential ultracentrifugation of each LOS, some aggregated proteinaceous material remained associated with the LOS. For removal of this material, the LOS was retreated with proteinase K, extracted once with phenol, and ultracentrifuged three times. LOSs were also extracted by a microversion of the phenol-water procedure and then ethanol precipitation (16) .
Electrophoretic analysis of LOSs was done by discontinuous SDS-PAGE with a 4% stacking gel and a 14% separating gel containing 3 M urea (22, 34) . Three to 5 pg of LOS from a 1-mg/ml stock solution in water was diluted to 10 RI in water, and this mixture was boiled for 5 min in an equal volume of solubilization buffer (16) . Gels were stained by periodate oxidation and with ammoniacal silver (34 (20) , and free amino groups (15) were done as described previously; the standards used were those previously reported (18) , except that ethanolamine was used as a standard for the free amino group assay. Glycosyl composition was determined by preparation and analysis of alditol acetate derivatives of LOSs by gas chromatography (GC) and GC-mass spectrometry (MS) and was done at the Complex Carbohydrate Research Center, The University of Georgia, Athens. Trimethylsilyl (TMS) methylglycoside derivatives of LOSs were also prepared to detect any amino and acidic sugars (37) . In brief, LOS alditol acetates were prepared by hydrolyzing the samples in 2 M trifluoroacetic acid, reducing them with sodium borodeuteride, and acetylating them with acetic anhydride in pyridine and analyzed by GC and GC-MS with a capillary SP-2330 column (Supelco, Inc., Bellefonte, Pa.). TMS methylglycoside derivatives of each LOS were prepared by methanolysis in methanolic 1 M HCl, N-acetylation, and trimethylsilyation with Tri-Sil reagent (Pierce Chemical Co., Rockford, Ill.). Analysis was performed with a capillary DB-1 column (J & W Scientific, Folson, Calif.). Fatty acids were analyzed as their methyl esters. Samples were methanolyzed in methanolic 1 M HCI at 80°C for 18 h. The solvents were evaporated, Tri-Sil reagent was added to prepare TMS esters of any hydroxy methyl fatty acid esters, and the samples were analyzed by GC and GC-MS with a 30 M DB-1 column (J & W Scientific).
RESULTS
Calf challenge. H. somnus isolates were not recovered from any part of the respiratory tract of any of the calves prior to challenge. Following intrabronchial challenge with clonally derived H. somnus 2336 (isolate 738), H. somnus was recovered periodically from the nasopharynx and continually from the lower respiratory tracts of calf 93 for 9 weeks and calves 94 and 95 for 10 weeks. Colony counts for lavage fluid obtained weekly from each calf remained high throughout most of the 10-week experiment (Fig. 1) . It is noteworthy, however, that counts for each calf cycled with peaks and troughs not necessarily falling in the same day. Calf 93 had cleared the infection by week 10 (day 70), and calf 94 had essentially cleared the infection by this time (1 CFU in the 25 ,ul plated = 80 CFU/2 ml). In contrast, calf 95 still had large numbers of bacteria (29,600/2 ml) in lavage fluid at 10 weeks. These values represented the bacterial counts in the total amount of lavage fluid recovered because all of the fluid was centrifuged and the pellet was resuspended in 2 ml of supematant for colony counts.
Variation in electrophoretic profile. The LOS electrophoretic profiles of H. somnus isolates recovered weekly (Table  1) by bronchial lavage of calves 93, 94, and 95 are shown in Fig. 2A to C, respectively. Most, but not all, of the profiles appeared to change randomly, with both higher-and lowermolecular-weight bands appearing or weeks on Columbia blood agar to determine whether passage in vitro would cause a shift similar to that seen in vivo. The LOS was extracted from strain 2336 after passage for 0, 3, 5, 7, 10, 12, and 14 days and analyzed by SDS-PAGE (Fig.  3) . The LOS remained stable until the strain had been passaged for 6 or 7 days, at which time a major new, lower-molecular-weight band appeared. This profile remained stable through the remaining passages. To determine whether phenotypic changes in electrophoretic profiles would occur in other H. somnus isolates, we passaged two additional clinical isolates (abortion isolate 0570 and TEME isolate 0289) and three preputial isolates from normal bulls daily in vitro as for 2336; the LOSs were isolated after the bacteria were passaged for 0, 3, 7, 10, and 14 days. Both clinical isolates underwent at least one major shift in their LOS bands: strain 0570 lost most of the middle LOS band between 7 and 10 days of passage (Fig. 4, lane 4) , and several new, higher-molecular-weight bands of strain 0289 LOS appeared between 10 and 14 days of passage (Fig. 4, lane 10) . In contrast, the preputial isolates demonstrated only a single LOS band, and their profiles did not change through 2 weeks of passage (data not shown).
Variation in antigenic composition. For assessment of whether the changes in the LOS electrophoretic profiles affected the antigenicity of the isolates, rabbit antiserum to purified strain 2336 LOS was prepared and used in immunoblots with LOS from each calf isolate. The antiserum reacted with challenge strain 2336 LOS but did not react with LOSs from any of the isolates obtained by lung lavage. The antiserum reacted with LOSs from nasopharyngeal isolate 767 from calf 93 (Fig. 5A ) and nasopharyngeal isolate 804 from calf 94 (Fig. 5B) was recovered as the oligosaccharide moiety after gel filtration. There were no detectable LOS bands following SDS-PAGE and silver staining of 100 pLg of hydrolyzed LOS, indicating that the hydrolysis was complete. In contrast, less than 1 ,ug of each unhydrolyzed LOS could be detected by the same system. Analysis of the LOS of each strain by GC-MS demonstrated that 69 to 89% of the carbohydrate was glucose, followed by galactose, which accounted for 9.1 to 35.6% of the LOS. Other glycosyl residues identified included arabinose, xylose, and mannose. There was a substantial variation in the content of each sugar from the LOS of each strain. In addition, 4 to 11 times more KDO was present in unhydrolyzed LOSs from strains 813 and 789 than in those from strains 2336 and 768 (Table 4) . Mild acid hydrolysis of strain 789 LOS, followed by assay of the purified oligosaccharide, reduced the KDO content from 13 to 2.5 ,ug/mg, suggesting that some of the KDO was released by the hydrolysis. The use of 4 overall antigenic expression or physical characteristics of the LOS remain unchanged (2, 27) . In contrast, gonococci passaged in vitro or in subcutaneous chambers in guinea pigs undergo quantitative variation in electrophoretic profile as well as antigenic variation (8) . Recently, phase variation in gonococcal LOS was demonstrated in vivo following infection of human volunteers (25) . However, gonococcal LOS phase variation during experimental infection of the natural host was more predictable than that in H. somnus: two additional LOS variants were identified several days after infection, and variation was associated with an increase in the molecular weights of the LOS bands (25) . In H. somnus, LOS electrophoretic profile phase variation occurred rapidly and apparently at random; once a profile changed, it did not shift back to a previous profile, nor did electrophoretic bands consistently shift to a higher or a lower molecular weight. Thus, the random nature of the electrophoretic profile variation in H. somnus LOS bands suggested a molecular mechanism different from that occurring in gonococci.
As has been observed with other bacteria, variation in LOS electrophoretic profiles also occurred in 7 to 10 days when the strain used in the calf studies (2336) and two other clinical isolates (one from TEME and one from an abortion) were passaged daily in vitro. In a separate study, an abortion isolate (strain 649) was shown to undergo LOS electrophoretic profile variation when passaged in mice or following recovery from an aborted mouse fetus (19) . Therefore, all 
